The micro-alloying of 1 at% metals of Au-Group (Ag, Au) and the Pt-Group (Ni, Pd, Pt) with the Ti 60 Cu 40 amorphous alloy resulted in the formation of fine nanoporous copper (NPC) in the order of 628 nm. The smallest characteristic pore size of opencell nanoporous fcc Cu was 7 and 6 nm after dealloying the amorphous Ti 60 Cu 39 Pd 1 and Ti 60 Cu 39 Pt 1 precursor alloys for 43.2 ks in 0.03 M HF solution, while NPC had a pore size of 39 nm after dealloying the amorphous Ti 60 Cu 40 precursor alloy. On the basis of TEM micrographs, the refining factor increased approximately from 4 for the Ti 60 Cu 39 Ag 1 precursor alloy to 1780 for the Ti 60 Cu 39 Pt 1 precursor alloy. The refinement was attributed to the dramatic decrease in the surface diffusivity during dealloying. The refinement efficiency of the micro-alloying of the Pt-group elements was higher than that of the Au-group elements. The homogeneous distribution of additives in both of the amorphous precursor alloys and the final stabilized NPCs played a key role in refining the NPCs. This strategy may contribute to the fabrication of cost-effective nanoporous metals with a nanoporosity comparable to that of nanoporous Au, Pd and Pt catalysts.
Introduction
Nanoporous metals (Ni, Cu, Au, Pd, Pt, etc.) have been fabricated from a great number of Al-and Mn-based alloy systems. Among them, nanoporous copper (NPC) fabricated through chemical/electrochemical dealloying processes has a typical 3-D bi-continuous network of ligaments and pores with characteristic sizes varying from a few tenths of nanometers to a few hundredths of nanometers. 15) The potential applications of NPCs are diverse: they could be used in catalysis, as sensors, as actuators, in fuel cells and in microfluidic flow controllers. 6, 7) To date, the smallest pore size reported for NPCs is in the range of 15 nm. 2, 5) A finer NPC structure with a pore size of less than 10 nm is eagerly anticipated because this would provide a larger surface area and, therefore, better mechanical and catalytic performances. 4) A finer nanostructure enables nanoporous metals to perform better. For instance, the yield strength of nanometer-sized ligaments of nanoporous gold increased from ³880 MPa to 4.6 GPa with the decrease in the pore size from 50 to 10 nm. 8) On the other hand, it has been shown that the microstructure of the starting materials plays a critical role in the formation of the final nanoporous structures. 1, 2, 913) The characteristics of the casting structures, the intermetallics, and the phase segregations typical of the crystalline alloys, such as AlCu, 1, 2, 10) NiCuMn, 9) NiMn, 11) TiCu 12, 13) alloys are reflected in the final porous structures. Recently, uniform nanoporous formations of amorphous TiCu and Pd 30 Ni 50 P 20 precursors have been attained after dealloying. 3, 14) It is believed that the absence of grain boundary, the large-scaled phase segregations, and intermetallics of amorphous precursors contributes to high uniformity in nanoporous metals. The formation of highly uniform and ultrafine nanoporous structures have been realized for several amorphous alloy systems, including PdNiP, 14) TiCuAu, 15, 16) TiCuAg 17) and ). 19) The surface diffusivity of Ni in the electrolyte was one-tenth that of Cu. 9) Generally, the surface diffusion coefficients of the Pt-group elements (Ni, Pd, Pt) and the Au-group (Ag, Au) are much lower than that of Cu. In our former research, 1518) the trace addition of a third element (Ni, Ag, Au) was shown to result in the refinement of NPC structures and a decrease in the characteristic pore size from 71 to 9 nm after the micro-alloying of the Au element into Ti 60 Cu 40 amorphous alloy. Therefore, the Pt-group and Au-group are regarded as elements with low surface diffusivity, and will be hereafter referred to the abbreviation, LSDM. Since the surface diffusivity of Pd and Pt in the Ptgroup is lower than that of the Au group, NPCs fabricated from Pd-/Pt-added TiCu amorphous alloys are expected to have a finer nanoporous structure with a pore size of less than 10 nm. The aim of the present study is to fabricate ultrafine cost-effective NPCs by combining their unique advantages, such as the amorphicity of the starting materials in the microstructure, and the retardations in the surface diffusion from LSDMs. In this paper, the refinement effects of NPCs by the micro-alloying of Pt-group and Au-group elements of the Ti 60 Cu 40 base precursor alloys with low surface diffusivities are summarized and compared on the basis of morphology, surface diffusivity and microstructure. The refinement factor is defined to enable to evaluation of the refining ability of the addition of Pt-group and Au-group elements.
Experimental Procedure
Ternary alloys with nominal compositions of Ti 60 Cu 39 M 1
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Corresponding author, E-mail: zhenhuadan@imr.tohoku.ac.jp, fxqin@ hotmail.com (M: Ni, Pd, Pt, Ag, Au) were prepared by arc melting. The micro-alloying elements were divided into two groups: the Au-group (Ag, Au) and the Pt-group (Ni, Pd, Pt). The ribbon samples were fabricated by melting spinning with a dimension of 20 µm in thickness and 2 mm in width. The starting Ti 60 Cu 39 M 1 amorphous precursor alloys were dealloyed under the free immersion condition for 43.2 ks in 0.03 M HF solution at room temperature. The details of the experimental procedure have been described in our earlier publications.
1518) An X-ray diffractometer was used to analyse the change in the lattice constants of dealloyed alloys and microstructure of precursor alloys and dealloyed alloys. Transmission electron microscopes (JEOL, HC2100 and ARM200) were used to observe the nanoporosity of dealloyed alloys and high-resolution TEM images. The characteristic pore size of dealloyed alloys was confirmed by the single chord method for over 150 sites on TEM images. The diffraction peaks which had slightly shifted to low diffraction angles were identified to be the characteristic diffraction peaks of fcc Cu. The small peak around 36°was assigned to the Cu 2 O phase. The absence of strong diffraction peaks from crystalline Pd and Pt phases indicates that CuPd or CuPt solid solution formed after dealloying. These XRD patterns were similar to those of Ni-stabilized NPCs. 18) Figure 2 shows the change in the lattice constant, ¡, and the grain sizes, L, with 1 at% addition of Au-group (G-I) and Pt-group (G-II). The standard lattice constant is reported to be 0.3524 nm for Ni, 0.3608 nm for Cu, 0.3891 nm for Pd, 0.3924 nm for Pt, 0.4078 nm for Au and 0.4085 nm for Ag. 20) The lattice constants of NPCs were estimated to be 0.3615 0.3627 nm on the basis of the XRD data of Cu(111) peaks. The lattice constants became larger when the added elements had larger lattice constants except in the case of Ag. As indicated in Fig. 2 , the Cu lattice expanded more when Pd and Pt were micro-alloyed into the Ti 60 Cu 40 alloy. The added Pd or Pt atoms were thus considered to have invaded the Cu lattice to a higher extent than in the Ag and Au added cases, resulting in the expansion of the Cu lattice constants from 0.3615 to 0.3627 nm. In our former papers, it was found that the Au or Ag phase was formed after dealloying the Ti 60 Cu 39 Au 1 and Ti 60 Cu 39 Ag 1 precursor alloys.
1517) The absence of diffraction peaks from the Pd or Pt phase in the XRD patterns of dealloyed Ti 60 Cu 39 Pd 1 and Ti 60 Cu 39 Pt 1 ribbons and the large expansion of the lattice constants of the NPCs indicated that more Pt-group atoms invaded the Cu lattice than Au-group atoms (i.e., Ag-addition and Au addition) for NPCs from precursor alloys micro-alloyed with LSDM elements.
1518) On the other hand, the grain sizes were reduced to 15 and 13 nm when the Pd and Pt were added into Ti 60 Cu 40 ribbons. The decrease in the grain size was considered to be due to the retardation of the self-diffusion of Cu adatoms. 15, 16) The diffusion distance of Cu adatoms under free diffusion patterns is prevailed in a long distance. 2, 5, 10, 1921) However, the long-distance self-diffusion of Cu adatoms was interrupted by the LSDM adatoms during the rearrangement of adatoms and resulted in an accumulation of Cu and LSDM adatoms in a smaller scale. Consequently, smaller grains were formed when the Pt-group elements (Pd, Pt) were used to stabilize NPCs. Fig. 4(a) , the pore size of Pd-/Pt-stabilized NPCs had a mean pore size of 7 and 6 nm, respectively. As shown in the supplementary Fig. S1 and S2, the characteristic pore size of NPCs stabilized by the micro-alloying of Ni, Ag and Au 1618) has been reported to be 11, 28 and 12 nm on the basis of TEM analysis, respectively. The mean pore size of dealloyed Ti 60 Cu 40 ribbons confirmed by TEM observation was 39 nm in Fig. S1 . 18) The pore size decreased more than one order due to the addition of either Pd or Pt as shown in Fig. 4(a) . The high-resolution TEM images also demonstrated the formation of crystalline phases. On the basis of XRD, TEM and SEM-EDX analysis, the residue is considered to be fcc CuPd and fcc CuPt solid solution. The characteristic scale length of the nanopores and ligaments of dealloyed Ti 60 Cu 39 Pd 1 and Ti 60 Cu 39 Pt 1 ribbons decreased dramatically.
Effects of LSDMs on surface diffusion
On the basis of the surface diffusion controlled coarsening mechanism, the surface diffusivity, D s , at various dealloying temperatures was estimated by the eq. (1) 24, 25) The concentration of Au-group elements (Ag, Au) and Pt-group elements (Ni, Pd, Pt) in the precursor alloys was 1 at%. The concentration of added elements (Ag, Au, Ni, Pd, Pt) in NPCs after dealloying should theoretically be 2.5 at% if the dissolution of Cu in HF solution is not considered. Therefore, the surface energy of LSDM-stabilized NPCs is considered to be very close to that of Cu. The surface energy of Cu, 1.79 J m ¹2 was adopted for the calculation of D s . As shown in Fig. 4(b The refining factor, R, is defined as the ratio between the surface diffusivity, D s , of NPC obtained from amorphous Ti 60 Cu 40 precursor (numerator) and NPCs stabilized by LSDMs (denominator).
As shown in Fig. 4(c The lower value of R for Ti 60 Cu 40 alloy micro-alloyed by Au-group (G-I) elements could result from several factors: (1) the self-diffusion coefficients of Ag and Au are larger than that of Cu, 2630) (2) the significant difference in the atomic radii. 20) As has been reported, 2630) the self-diffusion coefficients of Au-and Pt-group elements are ranked as following: Ag > Cu > Au > Ni > Pd > Pt. As such, there are more chances for Ag atoms to meet with other Ag atoms to form clusters and to develop the Ag phase because it has a larger self-diffusion coefficient than Cu atoms. 26, 29) The selfdiffusion coefficient of Au is slightly smaller than that of Cu. 27) Because the difference in the atomic radius between Cu and Ag, and Cu and Au is about 13%, the incorporation of Ag/Au atoms into the Cu lattice difficult. On the other hand, the self-diffusion coefficients of Pt-group (G-II) elements are smaller than those of Cu, 28, 30) and the formation of the crystalline phase of G-II elements (Ni, Pd, Pt) was interrupted by the diffusion of Cu atoms. Furthermore, the difference in the atomic radius between Cu and Pd/Pt elements is about 8%, and the incorporation of Pd/Pt into the Cu lattice appears to occur more readily. The change in the lattice constants of the NPCs stabilized by G-I and G-II indicated by XRD patterns in Fig. 1 and Refs. 15, 17, 18 ), supports our hypothesis. As described above, the formation of the Ag and Au phase after dealloying is considered to be due to the difference in self-diffusion properties and the atomic radius. The addition of the LSDMs in Group I caused the formation of the crystalline Ag/Au phase and the refining factor of Group I was small. The addition of the LSDMs in Group II mainly resulted in the invasion of the Cu lattice, with some Cu atoms in the lattice substituted by Ni, Pd and Pt atoms, forming solid solutions, and the refining factors for Group II were high.
The diffusion proceeding in the interfacial regions between Cu, LSDM adatoms and Ti adatoms played a key role in the formation of fine NPCs. As has been reported, 31) a bimodal nanoporous structure with a pore size of 10 and 20 nm has been fabricated from Al 75 Pd 17.5 Au 7.5 precursor alloys by successive dealloying. The initial heterogeneous microstructure consisting of Al 2 Au-and Al 3 Pd-type intermetallics causes the formation of a bimodal nanoporous structure. The similar evolution of bimodal or multimodal nanoporosity on precursor alloys heterogeneous in microstructure has been reported. 32) The alloying of 6 at% Pt into the Ag 65 Au 35 alloy was shown to result in a reduction of the pore size from 1020 nm to about 4 nm, which also supports our present results. However, the high cost of Au and Pt weakens their application potential. By micro-alloying the 1 at% Pt-group elements, it is possible to fabricate cost-effective NPCs with a pore size of approximately 6 nm, comparable to high-cost AuPt nanoporous in nanoporosity.
Conclusions
In this paper, the refining effect of the 1 at% addition of Au-group (G-I: Ag, Au) and Pt-group (G-II: Ni, Pd, Pt) on the nanoporous Cu structure fabricated from micro-alloyed Ti 60 Cu 40 alloy via dealloying was summarized. The addition of G-II metals was shown to be more effective in refining nanoporous structure than the addition of G-I metals. Nanoporous Cu with a pore size of less than 7 nm was obtained from Ti 60 Cu 39 Pd 1 and Ti 60 Cu 39 Pt 1 ribbons after dealloying. The residue of dealloyed Ti 60 Cu 39 Pd 1 and Ti 60 Cu 39 Pt 1 ribbons was confirmed to be either a fcc Cu(Pd) or Cu(Pt) solid solutions. The refining factor of the G-I metals was as follows: 4 for Ag, 231 for Au. The refining factor of the G-II metals was almost one order higher than for the G-I metals. The strategy outlined in this work has the potential to be extended to other alloys to fabricate fine nanoporous metals with a nanoporosity comparable to that of high-cost catalysts.
